Knotweeds were introduced into Europe in the 19 th century and soon after became aggressive invaders. While R. japonica and R. sachalinensis arrived from Asia, their hybrid Reynoutria × bohemica is believed to originate from the introduced range. Revised material shows that R. × bohemica has occurred in Europe since at least 1872, but was frequently misidentified as one of the parents. For that reason, the hybrid was detected relatively late in many European countries, meaning that it was silently spreading throughout the region for a long time. The present study was conducted in Croatia, where the parental species have been recorded since the 19 th century, the hybrid, however, not being recognized until very recently, although it has probably been present for decades. As a result, the current knowledge of the distribution of knotweeds in Croatia is mostly erroneous. We revised specimens from Croatian herbaria and performed an extensive field survey across the whole of the territory of Croatia to collect new data. In this paper, we present accurate distribution maps of the three taxa, produced after a thorough revision, showing a result remarkably different to that previously known. In contrast to previously recorded distributions, we found that R. × bohemica is by far the most widespread, R. japonica is occasional, and R. sachalinensis is extremely rare. R. × bohemica, unlike its parents, occurs in Mediterranean Croatia as well. Compared to R. × bohemica, R. japonica occurs more frequently along watercourses. Taking into account that the studied taxa have different behaviour, ecological preferences, spreading ability and consequently different invasiveness, they should be analysed separately in any attempt to explain, manage and/or limit their spread. Therefore, the accuracy of their past and future identification is of major importance.
Introduction
Members of the genus Reynoutria (Polygonaceae: Asian knotweeds) were introduced into Europe in the early 19 th century for ornamental purposes (Bailey and Conolly 2000) . At the time, they were regarded as extremely desirable garden plants and spread all over the continent through trade and exchange of material among nurseries and gardens (Bailey and Conolly 2000) . Following their distribution throughout the region, the species eventually escaped into the wild and became successfully naturalized, soon to be recognized as aggressive invaders all over the introduced range (Bailey and Conolly 2000) , and their negative impacts on resident communities became widely documented (Padula et al. 2008; Maurel et al. 2009; Aguilera et al. 2010; Maurel et al. 2013) .
Two species native to Eastern Asia are currently widespread in Europe; Reynoutria japonica Houtt. [Fallopia japonica (Houtt.) Ronse Decr., Polygonum cuspidatum Siebold and Zucc.], most frequently occurring as R. japonica var. japonica and occasionally as R. japonica var. compacta (Hook f.) Moldenke, and its close relative R. sachalinensis (F. Schmidt.) Nakai [Fallopia sachalinensis (F. Schmidt) Ronse Decr., Polygonum sachalinense F. Schmidt].
In 1983, a hybrid between R. japonica var. japonica and R. sachalinensis was described from the Czech Republic, and named R. × bohemica Chrtek and Chrtková (Chrtek and Chrtková 1983) . Although records of the hybrid started to occur in many European countries from the point of its description onward, revised herbarium material shows that it has been present in European horticulture since at least 1872, and has been naturalized since at least 1954, with botanists being completely unaware of its existence (Bailey and Wisskirchen 2006) . Revisions of the genus in a number of national floras have shown that it was silently present in many European countries for a long time, although detected only relatively recently (Fojcik and Tokarska-Guzik 2000; Mandák et al. 2004; Bailey and Wisskirchen 2006; Jogan 2006; Tiébré et al. 2007a; Balogh et al. 2008; Padula et al. 2008; Strgulc Krajšek and Jogan 2011) . Despite the time-lag between its occurrence and recognition, in a number of European countries the hybrid is already recognized as a significant component of the Reynoutria complex, e.g. in France (Schnitzler et al. 2008) , Belgium (Tiébré et al. 2007a ), Germany and Switzerland (Krebs et al. 2010) , UK (Bailey et al. 1996 (Bailey et al. , 2007 , Czech Republic (Mandák et al. 2004) .
Asian knotweeds are tall, robust, rhizomatous perennials, with erect, bamboo-like stems arising from a strong, woody rhizome, forming dense, impenetrable crowns up to 2-3 m in height (over 5 m in case of R. sachalinensis). They produce more or less broad leaves, alternating along flexuous branches, with small, creamy white flowers arranged in clusters arising from axillary panicles in late summer. Following senescence in winter, tall woody stems persist creating dense thickets (Child 1999; Balogh 2008) . The literature suggests that all European clones of R. japonica are male-sterile, possibly even originating from a single plant, spread throughout Europe by vegetative means (Hollingsworth and Bailey 2000; Krebs et al. 2010) .
Although similar in appearance, the two parental species can be distinguished relatively easily. The main differences refer to the size, shape and hairiness of the leaves: R. japonica has relatively small (10-18 cm), broadly ovate leaves with a truncate base and absent (or very inconspicuous) hairs, while R. sachalinensis has much larger, elongated leaves (30-45 cm), with a distinctly cordate base and long hairs on the leaf underside ( Figure 1 ) (Bailey and Wisskirchen 2006; Balogh 2008; Bailey et al. 2009 ). In contrast, the hybrid R. × bohemica shows intermedium morphology ranging between the parents and can be easily misidentified (Figure 1 ). The morphology of hybrids is additionally affected by backcrosses with the parental species, increasing the genetic and phenotypic diversity of the complex (Mandák et al. 2005; Tiébré et al. 2007b; Bailey 2013) .
The exact time of arrival of Asian knotweeds to Croatia is not known. Current data from the Flora Croatica Database (FCD, Nikolić 2017) show that R. japonica and R. sachalinensis have been present since the 19 th century and the early 1970s, respectively. According to the same database, R. japonica is a very common plant (over 300 records, Figure 2 ), while R. sachalinensis is rare, registered only at seven localities: five in the city of Zagreb (Marković ZA-16275 ZA-16276, ZA-16277; Dujmović et al. 2016; Mitić et al. 2016) , one in the city of Rijeka (Karavla 1997) , and one on the foothills of Bansko Brdo Hill (Purger and Csiky 2008) (Figure 2 ). The FCD does not provide any information on the variety of R. japonica -it is listed only as a species, since the distinction of varietal ranks is not supported in the database.
Nevertheless, from personal experience we knew that R. × bohemica also occurs in Croatia, and we hypothesized that it is perhaps more widespread than the parents. However, in the absence of literature on the occurrence of the hybrid in Croatia, we additionally hypothesized that R. × bohemica was usually erroneously identified as one of the parents. To address this issue, we performed a comprehensive study of the distribution of all three taxa in Croatia. We aimed to obtain realistic distributions of knotweeds in Croatia and compare their occurrences with regards to the habitats and land use types.
Materials and methods
We examined plant material from major herbarium collections in Croatia (ZA, ZAHO, CNHM, ZAGR), in order to revise specimens of Reynoutria, i.e. find and correct any erroneously identified plant material.
We performed an extensive survey across Croatia from June to November 2016, during which we closely examined and identified knotweeds found in the field, using the identification key from Bailey and Wisskirchen (2006) . The survey was performed during participation in the national water monitoring scheme; therefore, the area of investigation encompassed the whole state territory. Within the course of the water monitoring, we set out to visit the network of localities previously designated for the monitoring scheme, scattered all across Croatia. Although our target sites were freshwater habitats, we performed the survey by travelling along the main traffic network and paid particular attention to the occurrence of knotweeds anywhere in the landscape. Every observed patch of knotweeds was recorded and identified according to the morphology of the leaves. The associated habitat and land-use types were recorded as well, and classified into four main categories 1) meadows, 2) by house/building, 3) along watercourse and 4) along path/road; while the size of the patches was estimated. In cases of troublesome field identification, samples of the stems with leaves were collected and labelled, instantly pressed and stored in the herbarium, to be identified afterwards by examining the hairiness of the leaves and the presence of extrafloral nectaria. In addition, we recorded geographical coordinates of all sites with knotweeds, using a GPS device, and subsequently produced accurate distribution maps of all three taxa (Figure 2) .
The existing records for R. sachalinensis in the FCD were very scarce, hence we checked the identification of these plants, and included the revised data in the distribution map. The distribution map of R. japonica relies solely on our own field data and existing herbarium records, due to the large amount of literature data that could not be confirmed with certainty.
Results
Revision of altogether 27 herbarium sheets with herbarium material from Croatia showed that approximately one third of the previously collected plants had been erroneously identified. Table 1 shows the data on the sheets with specimens from Croatia found in our collections. Although R. × bohemica was previously not recorded in any of the herbaria examined, we found it collected on eight sheets; in most cases misidentified as R. japonica, but also as R. sachalinensis. Half of the specimens (14 sheets) in the herbaria were collected prior to the description of the hybrid. Among them, we found three herbarium sheets in which R. × bohemica was designated as R. sachalinensis (Table 1) . As for the specimens collected after the description of the hybrid (13 sheets), we found five herbarium sheets where R. × bohemica was identified as R. japonica (Table 1) .
During the survey, we recorded the presence of knotweeds at 238 sites (Supplementary material Table S1 ), containing monodominant stands. R. japonica was only exceptionally found in the same localities as R. × bohemica, but never in the same patch. The hybrid was by far the most commonly found (210 sites, Figure 2 ), followed by R. japonica (25 sites, Figure 2 ). R. sachalinensis was found only at three localities; the city of Karlovac, the town of Donja Stubica and near the town of Čabar (Figure 2 ). Only one plant was found in Karlovac, growing next to a building, while up to 10 young plants were recorded in Donja Stubica, in a neglected front yard of a house. The patch near Čabar was much larger and comprised clonal individuals growing between the road and the River Čabranka, covering approximately 200 m 2 . Notably, we did not manage to confirm the presence of R. sachalinensis at localities previously registered in the FCD. After the revision of the herbarium material and searching in the field to confirm the literature records, we excluded all localities from the city of Zagreb, due to erroneous identification (Marković ZA-16275, ZA-16276, ZA-16277; Dujmović et al. 2016; Mitić et al. 2016) , and attributed these records to R. × bohemica. The records from Rijeka (Karavla 1997) and Bansko Brdo (Purger and Csiky 2008) remain unresolved. Our study, which covered the whole of Croatia, did not reveal any significant presence of knotweeds in the Mediterranean part, only R. × bohemica being found, in southern Istria and the island of Rab. Knotweeds were mostly found in ruderal sites strongly influenced by humans, often by paths and roads, frequently near houses and in gardens (Figure 3) . In many cases they were growing very close to freshwater ecosystems; on the open banks of rivers and streams, along embankments, under bridges etc. (Figure 3 ). It seems that R. japonica occurs more often along watercourses than R. × bohemica (34% and 22% of the total number of localities, respectively).
Our observations have shown that, although very widespread and frequent plants, they mostly occur in small clonal stands or individually. Nevertheless, we did observe some extremely dense patches with numerous 
Discussion

Species distribution
Our study shows that former knowledge on the presence and distribution of Reynoutria species in Croatia was largely incorrect. Prior to our study, R. japonica was recorded as being widespread in Croatia, R. sachalinensis was recorded in seven localities, while R. × bohemica was not recorded at all. After conducting a revision of the herbarium collections and an extensive survey in the field, we found R. × bohemica occurring very abundantly in Croatia, being by far the most widespread of all three taxa. R. japonica is significantly less widespread, although still relatively frequent, while R. sachalinensis is extremely rare, with only three sites that can be confirmed with certainty. Furthermore, we hypothesize that R. sachalinensis was first introduced into the check list of Croatian flora based on the herbarium examples from the ZA collection (Marković ZA-16275, ZA-16276, ZA-16277), which in fact contain R. × bohemica, meaning that R. sachalinensis was mistakenly listed as a member of the Croatian flora.
The confusion happened at the time simply because the hybrid was still unknown in the 1970s, when the material was collected. Unfortunately, this record was subsequently transferred into the first checklist of Croatian flora (Marković 1994) and remained in it until recent times. Prior to our study, this misidentification was noticed by Hlavati Širka et al. (2013), who were performing a revision on the distribution of R. sachalinensis in Serbia and neighbouring countries and encountered the hybrid while searching for the parent. Unfortunately, this discovery did not find its way to a broader audience, so R. × bohemica remained unregistered in the FCD up to date. The revelation of new localities occupied by R. × bohemica after revisions and thorough identification aligns Croatia with what is observed in other parts of Europe (e.g. Bailey et al. 1996 Bailey et al. , 2007 Fojcik and TokarskaGuzik 2000; Mandák et al. 2004; Jogan 2006; Tiébré et al. 2007a; Balogh et al. 2008; Padula et al. 2008; Schnitzler et al. 2008; Krebs et al. 2010; Strgulc Krajšek and Jogan 2011) . In addition, the Croatian situation shows that the prevalence of the hybrid can easily be masked by its parents, and brings out the possibility that the Reynoutria taxa are being wrongly appreciated in the neighbouring countries as well.
As for R. japonica var. compacta, we did not find any evidence of the occurrence of this variety in the Croatian flora. The FCD database does not provide information on the varietal rank; therefore, we could not distinguish between the two varieties regarding previous records. On the other hand, all stands registered during our fieldwork were, without exception, composed of R. japonica var. japonica. R. japonica var. compacta is considered a dwarf, alpine variant of R. japonica (Bailey and Connoly 2000) , generally occurring much more rarely than the typical variety across the whole of the introduced range (Bailey and Connoly 2000; Mandák et al. 2004; Padula et al. 2008 ; Strgulc Krajšek and Jogan 2011). We believe that this variety does not occur in Croatia, or is extremely rare.
Our revision of localities of R. sachalinensis in Croatia did not firmly confirm its presence in any of the previously reported sites. We excluded the records from Zagreb as erroneously identified, and reclassified them as R. × bohemica. Locating the record from Rijeka (Karavla 1997 ) was troublesome; we did not manage to determine the exact locality, due to the incorrect citing of the literature within the paper. As for Bansko Brdo (Purger and Csiky 2008), we visited the locality but failed to find the plant, due to the imprecise description of the site. Around Bansko Brdo however, we recorded many stands of R. × bohemica.
Although we did not focus on their spread potential, we have seen that the three taxa differ in their ability to colonize the space. As well as being registered at the most sites, R. × bohemica frequently formed larger patches, with two out of the three largest ones (in Međimurje and Kašina, NW Croatia) completely comprised of hybrid individuals. By contrast, R. japonica was normally found solitarily or in small patches of a few individuals, and ultimately is less widespread. Interestingly, the largest stand along the river Krapinica was completely composed of R. japonica, and such abundance is probably the result of the residence period; R. japonica was first recorded near Krapina as early as 46 years ago (Marković ZA-16256), and represents one of the earliest known records of Asian knotweeds in Croatia. Obviously, the continuous vegetative spread along the watercourse from that point onward has resulted in the large, clonal stand at this particular site. R. sachalinensis was very restricted in its occurrence; only a solitary plant was registered in the city of Karlovac, while fewer than 10 plants were found in the neglected front yard of a house in the town of Donja Stubica, and one larger patch occupying approximately 200 m 2 was recorded near the town of Čabar. These observations led us to believe that the hybrid is able to spread more efficiently than either of the parents; R. japonica spreads less fast but still relatively successfully, and R. sachalinensis is very limited in its spread. A similar conclusion was reached by Mandák et al. (2004) , when comparing the temporal occurrence of herbarium records of all three taxa in the Czech Republic.
Reasons for scarce occurrence of knotweeds in the Mediterranean part of Croatia may be due to their ecology, as high temperatures combined with summer droughts are probably limiting factors for these species (Bailey and Wisskirchen 2006) . Although we did not particularly study their ecological behaviour, we noticed that they frequently occur along watercourses, sometimes forming dense patches. Similar habitat preference was also observed in the Czech Republic, Hungary, Italy, Slovenia, Serbia (Mandák et al. 2004; Balogh 2008; Padula et al. 2008; Strgulc Krajšek and Jogan 2011; Anđelković et al. 2013) . It is quite possible that these gigantic herbs have a high demand for water, making it difficult for them to thrive in the Mediterranean climate. Bailey and Wisskirchen (2006) have addressed this topic by comparing Reynoutria-dominated communities in France and found that R. × bohemica spreads more deeply into areas with a Mediterranean climate than R. japonica. They also found that R. × bohemica is confined to the immediate vicinity of watercourses in the Mediterranean areas, most probably to escape the detrimental effect of summer droughts.
Methodological considerations
Although we found knotweeds in types of habitats similar to those previously reported (e.g. Mandák et al. 2004; Balogh 2008; Tiébré et al. 2008) , the number of records on the watercourses may be underestimated in our study, due to the methodology of the survey. We mostly conducted our search travelling along the network of roads, searching for knotweeds in the landscape, and thus managed to map the records along roads in detail. On the other hand, knotweed sites along watercourses were recorded in a more random way; since the watercourses were visited mainly at the crossings with the roads, or at the specific sites within the national scheme for water monitoring, the courses not being surveyed completely. We believe that use of the watercourses as corridors for the survey would reveal even more monodominant sites of knotweeds within these habitats. Therefore, to get a better overview on the average population size of Asian knotweeds in Croatia, our recommendation would be to focus on the watercourses in any future studies. These habitats seem to support the development of monocultures of knotweeds, most probably for two reasons; first is the availability of water, and second is water management in Croatia, where the watercourses are often heavily managed, with artificial banks or embankments regularly maintained by mowing. This practice removes natural vegetation and prevents the establishment of many plant species, providing a highly disturbed environment relatively free from competition, suitable for plant invasions. The fact that Asian knotweeds are more productive on riverbanks under intensive light conditions (Dommanget et al. 2013 ) and that they are very effectively spread by vegetative means indicates the importance of managed watercourses as their habitats and highlights the role of water management in the knotweed invasion.
Factors influencing the distribution of knotweeds
It is widely acknowledged that invasion success is generally regulated by multiple factors (Richardson and Pyšek 2006; Holzmueller and Jose 2009) . Vegetative regeneration (when present) may play an important role. Although we did not study the role of vegetative spread in invasion success of knotweeds, we observed cases where knotweeds were able to establish a stand by rooting from plant remains cut during maintenance and left by the road. Also, we have seen successful renewal of knotweeds after heavy disturbances following land preparation, from small rhizome fragments, only a few centimetres long. Our observations are in line with the existing literature in pointing out the key role of vegetative spread in knotweed invasiveness, and it has been well documented that all three taxa have a great capability of vegetative regeneration from rhizome and stem (Child 1999; Bímová et al. 2003; Pyšek et al. 2003) . Notably, when compared, wild hybrids of R. × bohemica have shown the largest success in vegetative regeneration (Child 1999; Bímová et al. 2003) , followed by R. japonica, while R. sachalinensis was the least successful in vegetative regeneration (Child 1999; Bímová et al. 2003) . Regeneration success could be influenced by long-term crossings and back-crossings, during which new genotypes are created broadening the genetic pool of the complex, providing novel survival and establishment strategies for hybrid generations. Knotweed hybridization results with novel ploidy levels , increasing the genetic diversity of the complex, and arguably, some hybrid populations may be more invasive than the parents as a result of this increased diversity Bailey et al. 2007; Tiébré et al. 2007a) .
The combination of successful vegetative propagation , high competitive capacity (Mandák et al. 2004) , allelopathic activity (Murrell et al. 2011) , functional traits (Herpigny et al. 2012) , sexual reproduction (Tiébré et al. 2007b ) and creation of new genotypes Bailey et al. 2007; Tiébré et al. 2007a ) certainly contribute to the success of this invasive complex, while the interplay between all these influencing factors is what determines the distribution of particular taxa in Croatia.
Implications of misidentifications
The overall impact and significance of knotweeds should not be ignored, even at sites with individual occurrences. They are plants of gigantic habitus, high biomass and thick growth. Even solitary plants occupy a large amount of space, preventing the growth of any other species, and studies have already shown that knotweeds significantly reduce plant diversity in invaded areas (Padula et al. 2008; Maurel et al. 2009; Aguilera et al. 2010; Maurel et al. 2013) . Taking into account that they may also exhibit allelopathic properties (Vrchotová and Šerá 2008; Murrell et al. 2011) , they should be regarded as dangerous pests, with a high potential for spreading and a negative impact on resident communities.
Unfortunately, the examination of existing literature has revealed decades of misidentification of Reynoutria spp. in Europe (Mandák et al. 2004; Balogh 2008; Sîrbu and Oprea 2008; Padula et al. 2008; Strgulc Krajšek and Jogan 2011) . To our knowledge, comprehensive studies capable of determining the extent of such misidentifications are mostly lacking. Although there are many examples of different authors highlighting the doubtfulness of historical data (Balogh 2008; Sîrbu and Oprea 2008; Padula et al. 2008; Strgulc Krajšek and Jogan 2011) , the only extensive herbarium and field study reviewing the distributional status of the three taxa was performed in the Czech Republic (Mandák et al. 2004) . Our study has shown a strikingly large amount of erroneous distribution data in Croatia, completely changing the current perspective about their distribution, demonstrating the importance of correct identification. In our opinion, after long periods of such misidentifications, the distribution data for R. japonica, R. × bohemica and R. sachalinensis could be largely erroneous even across a wider area, particularly in neighbouring countries, where R. × bohemica was recorded relatively late. Consequently, any further analysis will be of doubtful value unless the data are acquired with proper identification. We provide our considerations on a recent study by Jovanović et al. (2018) , who analysed the distribution of knotweeds within South-eastern Europe, including Croatia, and offered conclusions about their future spread and impact on protected areas. However, based on our results, the previous data from Croatia were largely erroneous and therefore the study from Jovanović et al. (2018) should be updated. Furthermore, a confirmation of the identity should be obtained prior to performing any analyses on the distributional data of Reynoutria taxa, while the analyses based on datasets from geographical areas with uncertain knotweed identity should be avoided.
Although all three taxa deserve increased attention, previous studies have already highlighted the possibility of the hybrid being more invasive than the parents Mandák et al. 2004; Bailey and Wisskirchen 2006; Parepa et al. 2014; Buhk and Thielsch 2015) , which is consistent with our finding that the hybrid is the most widespread in Croatia. Furthermore, the hybrid is genetically more diverse Bailey et al. 2007; Krebs et al. 2010 ), apparently of a broader ecological niche (Bailey and Wisskirschen 2006; Krebs et al. 2010) , more difficult to control (Bímová et al. 2001 ) and possibly posing a greater threat to biodiversity than either of the parents. Therefore, instead of continuous neglecting, in our opinion the hybrid identity should be systematically revealed on all geographical scales.
Conclusions
The case of Asian knotweeds represents an interesting phenomenon; the introduction of parental species into a new range resulting in the creation of a hybrid that is more invasive than the parents is a story that goes beyond the usual impacts of invasive plants. From the perspective of conservation biology, it might seem irrelevant to distinguish among three taxa with almost the same habitus; they might have the same impact on the resident flora and act as a single threat to biodiversity in areas where they co-occur. We believe, however, it is important to determine the right identity of these plants and comparatively study their ability to spread. Taking into account that the studied taxa have different behaviour, ecological preferences, ability to spread and invasiveness and show different responses to various control measures, they should be analysed separately in any attempt to explain, manage and/or limit their spread. Therefore, the accuracy of their past and future identification is of major importance. Moreover, understanding these differences may lead to an explanation of the astonishing success of R. × bohemica. Currently available data imply that the hybrid is more aggressive, much more successful in colonizing the space, and better adapted to a wider range of climatic conditions, and therefore, in terms of plant invasions, represents a better, "improved" version of the parents.
In recent times, the advances of modern science, particularly regarding data collection and analysis, have provided many options for making assumptions based on spatial modelling and predictions. Since knotweeds have managed to confuse botanists in Europe for decades, special attention must be paid to the problem of their identification, before any conclusions based on their distributional data are made. Without proper caution, it is likely that wrong assumptions will be made regarding their impact on certain geographic areas or ecosystems, based on analyses of doubtful datasets.
We believe that any future studies of knotweeds in Croatia and potential control efforts should focus on watercourses. According to the currently available data, watercourses are very frequently invaded and seem to support the development of monospecific stands, but at the same time, these habitats may be insufficiently surveyed in our study. As for current management practices, Croatian watercourse management in the present form might be promoting the spread of knotweeds, by creating a highly disturbed environment, suitable for their establishment and dominance. In our opinion, the first measure in preventing the spread of these invasive taxa is taking this knowledge into account in any future water management strategies.
